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Epithelial cells undergo dynamic polarity changes
as organs pattern, but the relationship between
epithelial polarity and cell fate is poorly understood.
Using the developing lung as a model, we found
that distinct alterations in apical-basal polarity
dictate airway epithelial differentiation. We demon-
strate that Crb3, a Crumbs isoform that determines
epithelial apical domain identity, is required for
airway differentiation by controlling the localization
of the transcriptional regulator Yap. We show that
Crb3 promotes the interaction between Yap and
the Hippo pathway kinases Lats1/2 at apical cell
junctions to induce Yap phosphorylation and cyto-
plasmic retention, which drive cell differentiation.
Loss of Crb3 in developing mouse airways or iso-
lated adult airway progenitors results in unrestricted
nuclear Yap activity and consequent cell differentia-
tion defects. Our findings demonstrate that polarity-
dependent cues control airway cell differentiation,
offering important molecular insights into organ
patterning.
INTRODUCTION
The epithelium lining the lung undergoes dramaticmorphological
changes as it develops, ultimately giving rise to specialized cells
within a network of branched airways that transport air to gas-
exchanging alveoli. Signals that instruct lung epithelial patterning
have been identified, but how these fate decisions are coordi-
nated with lung morphogenesis is poorly understood (Hogan
et al., 2014; Morrisey and Hogan, 2010). Structural features
associatedwith the epithelium relate to lung patterning. The early
distal epithelium that gives rise to alveolar lineages is composed
of cuboidal cells, whereas the epithelium in the proximal airways
exhibits a columnar pseudostratified morphology. Additionally,
as the proximal airways develop, the positioning of cells within
the maturing tubules correlates with cell specification. Luminal
cells differentiate and specialize, whereas basal cells take on
progenitor properties (Rock et al., 2009).DevelopRecent work has demonstrated an essential role for the tran-
scriptional regulator Yes-associated protein (Yap) in the distal-
proximal patterning and terminal differentiation of the embryonic
and adult mouse lung epithelium (Mahoney et al., 2014; Zhao
et al., 2014). Yap localization is dynamically controlled as the
lung epithelium develops, which dictates its cell fate-regulating
activity. Nuclear Yap is required for proximal airway progenitor
specification, and a subsequent shift of Yap from the nucleus
to the cytoplasm is associated with proximal airway maturation.
Nuclear Yap activity also promotes airway basal progenitor iden-
tity, with removal of nuclear Yap driving airway cell differentiation
(Mahoney et al., 2014; Zhao et al., 2014). Precise control of
Yap localization is therefore important for directing airway
epithelial specification and homeostasis. The Hippo pathway
has emerged as a major regulator of Yap localization, with the
core pathway kinases Lats1 and Lats2 (Lats1/2) promoting the
direct phosphorylation of Yap on conserved serine residues,
which induces cytoplasmic sequestration and degradation of
Yap (Dong et al., 2007; Zhao et al., 2010). These modifications
have been implicated in the regulation of Yap activity in the
lung (Lange et al., 2015; Lin et al., 2015; Mahoney et al., 2014;
Zhao et al., 2014). However, how these kinases are regulated
with respect to organ morphogenesis and patterning is unclear.
Proteins important for generating and maintaining polarity
direct Yap localization (Genevet and Tapon, 2011). In particular,
proteins that make up the evolutionarily conserved Crumbs com-
plex,which is known tospecify theapical domainof epithelial cells
(Pocha and Knust, 2013), have important roles in controlling Hip-
po pathway activity to promote the cytoplasmic localization of
Yap (Chenet al., 2010;Linget al., 2010;Robinsonetal., 2010;Var-
elas et al., 2010). Here we describe that, in developing mouse
airway cells, the cytoplasmic localization of Yap correlates
precisely with the expression and asymmetric distribution of
Crb3, themajor Crumbs isoform expressed in the lung (Lemmers
et al., 2004).Weshow that apical recruitment ofCrb3controls api-
cal-basal polarity in airway epithelial cells, induces binding of Yap
to activated Lats1/2 kinases at apical junctions to promote phos-
phorylation and cytoplasmic sequestration of Yap, and, conse-
quently, initiates airway progenitor differentiation. We also show
that loss of Crb3 results in the aberrant accumulation of nuclear
Yap and subsequent prevention of airway epithelial cell differen-
tiation. These findings indicate that apical-basal polarity cues
control the localization of Yap inmammalian development, acting
as essential mediators of cell fate during organogenesis.mental Cell 34, 283–296, August 10, 2015 ª2015 Elsevier Inc. 283
RESULTS
Apical-Basal Polarity Regulators Are Coordinated with
Changes in the Localization of Yap during the Proximal
Patterning of the Lung Epithelium
The Hippo pathway effector Yap controls the patterning of lung
epithelial progenitors, with distinct intracellular localization
changes dictating Yap function in these cells (Mahoney et al.,
2014; Zhao et al., 2014). Phosphorylation of Yap on a conserved
serine residue (Ser112 in mouse Yap, homologous to Ser127
in human Yap; referred to hereinafter as p-YapSer112) promotes
the sequestration of Yap in the cytoplasm (Basu et al., 2003;
Dong et al., 2007). To gain insight into Yap regulation in the
lung epithelium, we characterized the pattern of p-YapSer112
modifications with respect to total Yap. Early developing lungs
were obtained from mouse embryos (E12.5–E15.5; the pseudo-
glandular stage) and immunostained for p-YapSer112 and total
Yap (antibody specificity was validated using Yap-null lung
epithelium; Figure S1A). Minimal p-YapSer112 was observed in
Sox9-positive distal epithelial progenitors, which are cells that
exhibit nuclearly localized total Yap (Figure 1A). In contrast,
high levels of p-YapSer112 were observed in proximal airway
epithelial cells (Figure 1B), implicating Yap phosphorylation in
the development of proximal epithelial cells of the lung.
Interestingly, our microscopy analysis revealed prominent
accumulation of Yap and p-YapSer112 at the apical domain of
proximal epithelial cells (Figure 1B; Figures S1B and S1C). Given
that apical-basal polarity regulators have been shown to direct
Hippo pathway activity (Genevet and Tapon, 2011), we hypoth-
esized that these proteins might direct Yap localization and,
therefore, characterized their expression and localization pattern
in the developing lung epithelium. We started by analyzing the
Crumbs transmembrane proteins (Crb1–3 in mammals), which
are evolutionary conserved factors that define epithelial apical
domain identity (Pocha and Knust, 2013). We found that Crb3,
which is the primary Crumbs isoform expressed in the lung
epithelium (Lemmers et al., 2004), is highly expressed and is
restricted to the apical domain in the developing Sox2-posi-
tive/Sox9-negative proximal epithelial cells of E12.5–E15.5 lungs
(Figure 1C; Figures S1B and S1D). In contrast, Crb3 levels were
almost undetectable in the Sox2-negative/Sox9-positive distal
compartment. The proximal expression and polarization of
Crb3 strikingly correlated with a loss of Yap from the nucleus.
A similar distal-proximal relationship was observed for the polar-
ity regulator Scribble (Scrib), which establishes the basal-lateral
domains via a mutually exclusive relationship with Crumbs
(Rodriguez-Boulan and Macara, 2014). High levels of basal-
lateral-localized Scrib were observed in the Sox2-positive/
Sox9-negative proximal domain, and very low levels of cortical
membrane-localized Scrib were found in the distal compartment
of E12.5–E15.5 lungs (Figure 1D; Figures S1C and S1E). Notably,
increased Crb3 and Scrib expression and polarization were
observed upstream of the distal-proximal transition zone in the
developing lung epithelium (Figures 1E and 1F), which is pre-
cisely the area where Yap shifts localization from the nucleus
to the cytoplasm (Mahoney et al., 2014). We did not, however,
observe any differences in the expression of the adherens
junction protein E-cadherin in all proximal and distal regions
examined, and, when comparing proximal and distal epithelium,284 Developmental Cell 34, 283–296, August 10, 2015 ª2015 ElsevieE-cadherin exhibited a similar basal-lateral localization pattern
(Figure S1F). Our observations therefore indicated that, although
cell adhesion and aspects of polarity (i.e., adherens junctions)
exist throughout the entire developing lung epithelium, specific
apical-basal polarity cues (i.e., apical Crb3 and basal-lateral
Scrib) are established following the distal-proximal transition
zone and characterize the proximal compartment.
The Apical-Basal Distribution of Crb3 and Scrib Marks
Proximal Airway Epithelial Cell Differentiation
At approximately E14.5, proximal airway epithelial progenitors
are specified into multi-ciliated and secretory cells (Hogan
et al., 2014; Tsao et al., 2009). Epithelial cells of the developing
trachea and proximal airways of the lung also give rise to a pop-
ulation of progenitor cells, marked by Krt5 and p63 expression,
that are positioned on the basal side of the pseudostratified layer
and play key roles in injury repair of the postnatal lung (Rock
et al., 2009). Nuclear Yap activity promotes expansion andmain-
tains the progenitor state of this basal cell population, and a shift
in Yap from the nucleus to the cytoplasm instructs their differen-
tiation (Mahoney et al., 2014; Zhao et al., 2014). We therefore
investigated whether the polarization of Crb3 or Scrib is linked
to the localization of Yap and differentiation status of these
airway epithelial cells.
Our analysis of E16.5–E18.5 proximal epithelial cells revealed
that Crb3 localizes across the apical surface and Scrib localizes
to the basal-lateral membrane in differentiated ciliated cells (Fig-
ure 2A) and secretory cells (Figure 2B). Crb3 and Scrib localiza-
tion was very different in p63-positive basal cells. Crb3 was
nearly absent, whereas Scrib was distributed in a cortical pattern
at the cell membrane (Figures 2C and 2D). E-cadherin was abun-
dant in basal progenitors, but, like Scrib, displayed a cortical
membrane pattern of localization (Figure S2). These observa-
tions indicate that basal cells lack aspects of apical-basal
polarity, which correlates with differentiation. Interestingly, cells
lacking polarized Crb3 and Scrib were observed with the emer-
gence of p63-positive cells even in regions where these cells
have yet to establish their basal positioning in the tissue (Figures
2C and 2D), suggesting that these apical-basal polarity cues are
related to, but not strictly dependent on, the organization of
pseudostratified tissue structure.
Basal airway progenitors can be isolated from adult murine
tracheae and induced to differentiate in air-liquid interface (ALI)
cultures (Figure 3A; You et al., 2002). Analysis of Yap localization
during ALI-mediated differentiation of basal progenitors revealed
a shift of nuclear Yap in progenitors to an apical cytoplasmic
enrichment of Yap upon cell differentiation (Figure 3B). Dramatic
actin cytoskeleton remodeling was also observed, with cyto-
plasmic and membrane-associated stress fibers found in ex-
panding progenitors that transformed into an organized apical
adhesion belt as the cells differentiated (Figure 3C). The tight
junction-associated protein Zo-1 (Figure 3D) and the adherens
junction proteins E-cadherin and a-catenin (Figures S3A and
S3B) were expressed in undifferentiated progenitors and ex-
hibited junctional localization as cells established cell contact
in their undifferentiated state, and this localization remained un-
changed with differentiation. Crb3 expression followed a similar
pattern to what we observed in vivo, with undifferentiated pro-
genitors exhibiting almost undetectable levels of Crb3 and anr Inc.
Figure 1. Apically Localized p-YapSer112 Correlates with Polarized Crb3 and Scrib Localization as the Lung Epithelium Patterns the Proximal
Domain
(A and B) Immunofluorescence analysis of E12.5–E15.5mouse lungs examining the levels and localization of Yap (green) and p-YapSer112 (red) in the (A) distal and
(B) proximal epithelium. The presence of Sox9 (white) served as a marker of distal epithelial cells.
(C) Increased Crb3 levels localized to the apical domain are observed specifically in the Sox9-negative proximal region of E12.5 lung epithelium.
(D) Scrib levels increase and localize to the basal-lateral surface of E12.5 Sox2-positive proximal lung epithelium.
(E and F) High-resolution imaging of the transition zone between the Sox9-positive distal to Sox2-positive proximal compartments in the developing lung
epithelium reveals an increase in the levels of (E) apically localized Crb3 and (F) basal-lateral-localized Scrib immediately following the boundary between the
Sox2 and Sox9 domains. Of note, this transition zone is precisely where Yap shifts localization from the nucleus to the cytoplasm (Mahoney et al., 2014).
DAPI was used to mark the nuclei (blue) in all images, and, for clarity, the basal surface of the epithelium is outlined with a white dotted line. Scale bars, 10 mm.increase in apical Crb3 levels observed with cell differentiation
(Figure 3E). Apical localization of Crb3 was observed in cells
positioned on the luminal domain, with prominent staining
observed at cilia in multi-ciliated cells, similar to observations
from prior in vitro studies in other contexts (Fan et al., 2004; Lem-
mers et al., 2002). The apical distribution of Crb3 correlated
precisely with apical Yap enrichment (Figures 3B and 3E).
Scrib levels and polarization followed a comparable relationshipDevelopwith cell fate. Scrib was almost undetectable during progenitor
cell expansion in vitro, increased in levels with cell confluence
to distribute in a cortical membrane pattern in the undifferenti-
ated state, and then polarized to the basal-lateral domain with
cell differentiation (Figure 3F). Close inspection of airway epithe-
lial cells differentiated for 10 days in ALI cultures revealed that
the cells positioned on the basal side of the epithelium, which
maintained p63-positive and nuclear Yap status, also lackedmental Cell 34, 283–296, August 10, 2015 ª2015 Elsevier Inc. 285
Figure 2. Apical Crb3 and Basal-Lateral Scrib Mark Differentiating Cells in Proximal Lung Epithelium
(A and B) Crb3 and Scrib levels were examined by immunofluorescence microscopy in E18.5 mouse lung epithelium, and their pattern of localization was
determined in (A) ciliated cells marked by apical acetylated a-tubulin and (B) secretory cells marked by Scgb1a1 or Scgb3a2 expression.
(C and D) Crb3 and Scrib levels and localization were correlated with p63 expression in (C) E16.5 and (D) E18.5 proximal lung epithelium. Note that p63-positive
cells lack Crb3 and display a cortical localization of Scrib.
DAPI was used to mark the nuclei (blue) in all images, and the basal surface of the epithelium is outlined with a white dotted line. Scale bars, 2 mm.the expression of Crb3 and exhibited a cortical membrane Scrib
localization pattern (Figures 3G and 3H). These results indicated
that, like in vivo, polarization of Crb3 and Scrib into apical-basal
domains correlates with cytoplasmic Yap localization and airway
epithelial cell differentiation and that the polarization of these
proteins is evidently distinct from adherens and tight junction
formation.
Loss of Crb3 Prevents the Differentiation of Airway
Epithelial Progenitors
Given the correlation between apically localized Crb3 and Yap
and airway epithelial differentiation, we next tested whether
Crb3 directs cell fate by controlling Yap localization. We initially
used lentiviruses to transduce the expression of control short
hairpin RNA (shRNA) or shRNA that targets Crb3 in basal pro-
genitors isolated from adult mouse airways. Progenitors ex-
pressing control shRNA exhibited obvious localization of Yap
to the cytoplasmic apical domains following differentiation in
ALI cultures. In contrast, Crb3-depleted cultures retained sub-
stantial nuclear Yap even after 6 days of ALI culture (Figure 4A),286 Developmental Cell 34, 283–296, August 10, 2015 ª2015 Elsevieand these cells maintained p63-positive status and organized
aberrantly into luminal positions (Figure 4B). To better under-
stand the consequences of Crb3 depletion, we isolated RNA
from cells transduced with control shRNA or shRNA targeting
Crb3 and examined the expression of progenitor and differenti-
ation markers by real-time qPCR. This analysis clearly showed
that depletion of Crb3 maintained high expression levels of the
progenitor markers p63 and Krt5 and prevented the expression
of the differentiation markers Scgb1a1, FoxJ1, and Muc5ac.
The changes in expression of airway fate markers following
Crb3 depletion were dependent on Yap because knockdown
of Crb3 did not affect the ability of Yap-null airway progenitors
to differentiate (Figure 4C).
Nuclear Yap binds to and regulates the transcriptional activity
of p63 (Zhao et al., 2014), which prompted us to also investigate
the expression of Yap-p63-regulated genes. Depletion of Crb3
in ALI-cultured airway progenitors strongly induced the expres-
sion Yap-p63-regulated genes, including Fgfr, Itga6, and Itgb4.
The induction of these genes was dependent on Yap because a
parallel analysis of Crb3 depletion in Yap-null airwayr Inc.
progenitors did not show significant expression differences
(Figure 4C). Intriguingly, expression of canonical gene targets
of Yap described in other contexts, such as Ctgf and Cyr61,
was minimally affected by the depletion of Crb3 or by the dele-
tion of Yap (Figure S4A), suggesting that, in airway progenitors,
nuclear Yap directs transcriptional events distinct from those
described in other contexts. Given that nuclear Yap directs
transforming growth factor b (TGF-b)-induced transcriptional
processes (Hiemer et al., 2014; Mahoney et al., 2014; Varelas
et al., 2010), we also tested whether airway progenitors were
more sensitive to TGF-b-induced signals following Crb3 deple-
tion. Indeed, we found that Yap-p63-regulated target genes
were significantly induced with TGF-b treatment and that this in-
duction was further enhanced following Crb3 depletion (Fig-
ure S4B). Taken together, our observations indicate that Crb3
restricts nuclear Yap activity to drive airway progenitor cell
differentiation.
We extended our analysis to also test whether loss of polarity
can impact Yap localization and activity in differentiated airway
epithelial cells. For this, we disrupted adherens junctions by
chelating calcium-mediated junctional interactions in airway
cells that were previously cultured under ALI conditions for
10 days. A loss of adherens junction proteins was observed
following calcium depletion, as was a striking loss of Crb3 levels
and an accumulation of Yap in the nuclei of these cells (Fig-
ure S4C). In parallel to the increased nuclear Yap localization,
we observed a significant increase in the expression of Yap-
p63-regulated genes (Figure S4D), suggesting that loss of junc-
tions and polarity in differentiated airway cells is sufficient to
induce nuclear Yap activity.
To substantiate the relationship between apical-basal polarity
and Yap in vivo, we generated mice in which loxP sites flanked
the Crb3 gene (Crb3-loxP/loxP). We conditionally deleted Crb3
in the foregut endoderm and, consequently, in the earliest stages
of pulmonary epithelial development by crossing Crb3-loxP/loxP
mice with mice expressing Cre recombinase from the Sonic
hedgehog promoter (Shh-Cre) (Harris et al., 2006; Figure S5A).
Deletion of both Crb3 alleles in Crb3-loxP/loxP;Shh-Cre/+ (here-
after referred to as Crb3-null) was confirmed by qPCR analysis,
showing a complete loss of Crb3 mRNA (Figure S5B). Crb3
deletion resulted in lethality at birth, with the likely reason being
respiratory distress, similar to what has been described with the
germline deletion ofCrb3 (Whiteman et al., 2014). Examination of
Crb3-null lungs at different developmental stages showed no
gross morphological defects compared with wild-type counter-
parts. However, examination of tissue sections by H&E staining
of the lung and trachea of Crb3-null embryos revealed substan-
tial epithelial organization differences, with obvious stratification
of the tracheal epithelium (Figure 5A). Analysis of Crb3-null tis-
sues by immunofluorescence microscopy showed a complete
loss of Crb3 protein, further validating Crb3 deletion and also
the specificity of our antibody (Figure 5B). Compared with their
wild-type equivalents, the Crb3-null epithelium showed an accu-
mulation of Yap in the nuclei of luminal cells of the upper proximal
airways (Figures 5B and 5C) and in Sox2-positive intrapulmonary
airways (Figure 5D), which are cells that normally exhibit exclu-
sively cytoplasmic Yap localization. Analysis of cells undergoing
apoptosis, as assessed by activated Caspase-3, showed negli-
gible numbers of apoptotic cells in both wild-type and Crb3-nullDevelopairways (data not shown). However, analysis of Ki67 expression
indicated a burst of proliferation in E15.5 Crb3-null airways,
which was brought back to wild-type levels by E18.5 (Figures
5E and 5F). Such defects in the Crb3-null airway epithelium
are consistent with increased nuclear Yap activity because
increased nuclear Yap levels are capable of driving airway
epithelial cell proliferation (Zhao et al., 2014).
The large majority of cells within Crb3 null airways also ex-
hibited a loss of apical-basal polarity because these cells
showed cortical membrane localization of E-cadherin (Fig-
ure S5C), a-catenin (Figure S5D), and Scrib (Figures S5E and
S5F), concurrent with loss of Zo-1 (Figure S5E), and phospho-
Ezrin/Radixin/Moesin (p-ERM) (Figure S5F). However, there
was a small population of cells (approximately 5%) at the most
luminal side of the Crb3-null airway epithelium that exhibited as-
pects of apical-basal polarity (Figures S5C–S5F), suggesting
that some cells may activate compensatory mechanisms in the
absence of Crb3. Analysis of RNA from Crb3-null tissues (Fig-
ure S5B) and Crb3-depleted airway progenitors cultured under
ALI conditions (Figure S5G) indicated that Crb2 levels are
elevated in cells lacking Crb3, providing a potential candidate
for such compensation.
An ectopic increase in nuclear Yap levels in mature proximal
airway cells is sufficient to dedifferentiate these cells and have
them adopt progenitor identities (Zhao et al., 2014). We therefore
rationalized that the Crb3-null epithelium may be abnormally
specified, and analyzed the expression patterns of various cell
fate makers in different compartments of the lung and trachea
(Figure S6A). No obvious differences were observed in the
patterning of Sox9- and Sox2-expressing cells that make up
the distal and proximal epithelial compartments in the devel-
oping lung, respectively (Figure S6B). However, analysis of
markers of differentiation for the Sox2+ proximal airways
showed striking defects in cell differentiation because devel-
oping intrapulmonary Crb3-null airways lacked cells expressing
the secretory markers Scgb1a1 or Scgb3a2 and apically local-
ized acetylated a-tubulin, which marks ciliated cells (Figures
S6C and S6D). Expression of the goblet cell marker Muc5Ac
was not detected in developing Crb3-null airways, similar to
that observed in wild-type airways (Figure S6C).
Analysis of the Crb3-null tracheae showed remarkable
expansion of Krt5-expressing cells, with almost all luminal cells
expressing this basal progenitor marker (Figures 6A, 6B, 6D,
and 6F; Figure S6E). The number of cells expressing p63 was
also increased in Crb3-null airways compared with the wild-
type. However, in stratified regions, these cells were main-
tained only on the basal domain (Figure 6B) despite the pres-
ence of Krt5 in the luminal cells. The luminal Krt5-positive cells
also expressed the luminal marker Krt8 (Figure 6C), suggesting
that loss of Crb3 induces an intermediate progenitor state,
much like that observed following ectopic nuclear Yap expres-
sion in airways (Zhao et al., 2014). Additional marker analysis
showed that very few of the Krt5-positive cells also expressed
terminal markers such as the multi-ciliated cell marker Foxj1
(Figure 6D; Figure S6F), the early secretory marker Scgb3a2
(Figure 6E), and the later marker of the secretory lineage,
Scgb1a1 (Figure 6F). Quantitation revealed that, of the Krt5-
positive cells in the Crb3 null airways, 14% of them co-ex-
pressed FoxJ1 and 5% co-expressed Scgb3a2 (Figure 6G).mental Cell 34, 283–296, August 10, 2015 ª2015 Elsevier Inc. 287
Figure 3. Apical-Basal Polarity Cues Correlate with the Differentiation of Adult Airway Progenitors
(A) Diagram depicting the differentiation of epithelial progenitors isolated from adult mouse tracheae following culture in an ALI.
(B–H) Immunofluorescence confocal miscopy was performed to examine the levels and localization of (B) Yap, (C) F-actin, (D) Zo-1, (E) Crb3, and (F) Scrib in
mouse airway basal progenitor cells induced to differentiate in ALI cultures. X-Y views (bottoms) and the Z-plane apical-basal views (tops) for each are shown.
(legend continued on next page)
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Figure 4. Depletion of Crb3 Prevents the Differentiation of Adult Airway Epithelial Progenitors
Lentiviruses were used to transduce control shRNA (shCTL) or shRNA targeting Crb3 in airway progenitor cells isolated from mouse tracheae, and these cells
were subsequently cultured under ALI conditions to induce differentiation.
(A and B) Crb3 and Yap (A) as well as p63 levels and localization (B) were examined after 6 days of ALI culture by immunofluorescence confocal microscopy. The
X-Y view (bottoms) and the Z-plane apical-basal view (tops) in (A) are shown, whereas only the Z-plane in (B) is shown. DAPI-marked nuclei are outlined with a
white dotted line in the Z-plane images. Scale bars, 10 mm.
(C) Samples obtained from shCTL- or shCrb3-expressing WT or Yap-null airway progenitors cultured for 6 days in ALI cultures were examined by qPCR for
expression levels of Crb3 and Yap, the basal progenitor cell markers Tp63 and Krt5, the differentiation markers FoxJ1 (ciliated cells), Scgb1a1 (secretory cells),
and Muc5ac (goblet cells), and the Yap/p63-regulated targets Fgfr, Itga6, and Itga4 (n = 3, average + SEM, **p < 0.0001).Krt5/FoxJ1 or Krt5/Scgb3a2 double-positive cells were never
observed in wild-type airways but have been observed
following ectopic expression of nuclear Yap (Zhao et al.,
2014). Therefore, our data strongly suggest that the defective
maturation of the Crb3-null epithelium is a result of persistent
nuclear Yap activity.Basal progenitors, marked by the presence of p63, were examined by immunofluo
Scrib, and the Z-plane apical-basal view for each is shown.
DAPI was used to mark the nuclei (blue) in all images, and, in all Z-plane im
10 mm.
DevelopThe Hippo Pathway Kinases Lats1/2 Interact with Yap at
the Apical Domain of Differentiated Epithelial Cells
Given the importance of p-YapSer112 in controlling Yap localiza-
tion and the prior relationship we observed between this modifi-
cation and the apical domain of proximal airway epithelial cells,
we investigated whether p-YapSer112 was affected in Crb3-nullrescence confocal microscopy for the levels and localization of (G) Crb3 and (H)
ages, the nuclei are also outlined with a thin white dotted line. Scale bars,
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Figure 5. Deletion of Crb3 Induces Nuclear Yap Localization in Proximal Airways
(A) E18.5 proximal airway sections from wild-type (WT) and Crb3-null mice were examined by H&E staining.
(B) Proximal airways from the tracheae of WT and Crb3-null mice were analyzed by immunofluorescence microscopy for Crb3 and Yap.
(C) The relative levels of nuclear Yap in cells positioned at the basal or luminal side of the epithelium in E18.5 WT and Crb3-null proximal airways was quantitated
by determining the Yap pixel intensity/area of DAPI-stained nuclei using ImageJ software (n = 50 from three separate experiments, average + SEM, **p < 0.0001).
(D) Intrapulmonary proximal airways were analyzed by immunofluorescence microscopy for Yap and Sox2.
(E and F) Proximal airways from E15.5 and E18.5 WT and Crb3-null lungs were examined for the presence of the proliferation marker Ki67 (E), and the percentage
of these respective cells was quantitated (F) (n = 160–300 cells from each group, average from three experiments + SEM, **p < 0.0001).
The basal epithelial surface is outlined with a white dotted line in all images, and DAPI-marked nuclei are outlined with a thin white dotted line. Scale bars, 10 mm.
For (E), the scale bars are positioned under the panel in black.airways. We observed a complete loss of p-YapSer112 in Crb3-
null airways, indicating an accumulation of nuclear hypo-
phosphorylated Yap (Figure 7A). Given this observation, we
speculated that the activity of Lats1/2 might be coupled to the
acquisition of apical-basal polarity cues as airway cells differen-
tiated. Phosphorylation of Lats1 and Lats2 on Thr1079 and
Thr1041, respectively, promotes their activation (Chan et al.,
2005). Analysis of p-Lats1/2Thr1079/Thr1041 levels revealed strong
apical enrichment in the epithelial cells of proximal airways of
wild-type mice but a complete absence of activated Lats1/2 in
Crb3-null tissues (Figure 7B). These data suggest that Lats1/2
activation is linked to the apical epithelial domain and is compro-
mised in cells lacking Crb3.
To explore the relationship between cell polarity, Lats1/2 regu-
lation, and cell fate, we returned to the in vitro differentiation of
isolated basal airway progenitors. Immunoblot analysis of cell ly-
sates obtained from ALI-cultured airway progenitors showed an
increase in the levels of p-Lats1/2Thr1079/Thr1041, which correlated
with p-YapSer112, as the cells differentiated (Figure 7C). Immu-290 Developmental Cell 34, 283–296, August 10, 2015 ª2015 Elsevienofluorescence analysis revealed increases in endogenous
p-Lats1/2Thr1079/Thr1041 levels as cells differentiated (Figure 7D),
which temporally correlated with increases in p-YapSer112 (Fig-
ure 7E) and the shift of Yap from the nucleus to the cytoplasm
(Figure 3B). Similar to our in vivo observations, we also found
that activated Lats1/2 (Figure 7D) as well as p-YapSer112 (Fig-
ure 7E; Figure S7A) accumulated at the apical regions of differen-
tiated cells. Moreover, basal p63-positive progenitors exhibited
some p-Lats1/2Thr1079/Thr1041, albeit at lower levels, but this acti-
vated Lats1/2 displayed non-polar localization (Figure 7F) and
correlated with low levels of p-YapSer112 (Figure 7G). Given that
p-Lats1/2Thr1079/Thr1041 was observed in cells with nuclear
hypo-phosphorylated Yap, we hypothesized that mutual apical
recruitment may induce the binding of p-Lats1/2Thr1079/Thr1041
to Yap. We tested this possibility by examining the localized
interaction of activated Lats1/2 and Yap using an in situ prox-
imity ligation assay (PLA), a technique that can visualize the
localization and association of endogenous protein complexes
(proteins localized within 40 nm of each other) by microscopyr Inc.
Figure 6. Deletion of Crb3 Leads to an Aberrant Accumulation of Undifferentiated Basal Progenitors in the Developing Airway
(A–F) E18.5 proximal airway sections from the tracheae of WT and Crb3-null tissues were examined by immunofluorescence microscopy for (A) Krt5 and Yap, (B)
Krt5 and p63, (C) Krt5 and Krt8, (D) Krt5 and FoxJ1, (E) Scgb3a2, and (F) Krt5 and Scgb1a1. The basal surface of the epithelium is outlined with a white dotted line,
and DAPI-marked nuclei in (A) are outlined with a thin white dotted line. Scale bars, 10 mm.
(G) The number of cells expressing the indicated cell fate markers was quantitated and is shown as a percentage of the total population (n = 488 fromWT and 456
from Crb3-null; total from three separate experiments).(Koos et al., 2014). PLA analysis revealed that interactions be-
tween activated Lats1/2 and Yap were only observed following
differentiation of ALI-cultured airway progenitors and that these
interactions were found at the apical junctions of the differenti-
ated cells (Figure 7H). To test whether Crb3 mediates apical
Lats1/2 binding to Yap, we used lentiviruses to transduce the
expression of control shRNA or shRNA targeting Crb3 in isolated
airway progenitors that were differentiated in vitro using ALI cul-
tures. Using PLA methods, we detected activated Lats1/2 and
Yap in close proximity in differentiated cells treated with control
shRNA but not in Crb3-depleted cultures (Figure 7I). Therefore,
Crb3 is required to promote the phosphorylation of Lats1/2,
bridge interactions between Lats1/2 and Yap, and, thereby,
induce Yap phosphorylation and cytoplasmic localization. These
molecular events have critical roles in promoting cell differentia-
tion, highlighting the apical epithelial domain as an important
signaling hub in airway development.
DISCUSSION
The findings presented here reveal a precise coordination be-
tween apical-basal polarity and cell fate in the airway epithelium.
Specifically, we observed that the transmembrane Crb3 protein,
an important mediator of the apical epithelial domain, controls
cell maturation in the proximal lungs and trachea. We proposeDevelopthat Crb3 does so by mediating the polarization and apical scaf-
folding of the Lats1/2 kinases with the transcriptional regulator
Yap to promote phosphorylation and subsequent restriction of
Yap from the nucleus. Yap localization has critical roles in direct-
ing epithelial progenitor fate, and, therefore, Crb3-mediated
control of Yap provides a mechanism to integrate morphogenic
changes with differentiation in the airway epithelium (see the
model in Figure 7J).
Our observations provide evidence that Crb3 acts as a major
regulator of Yap localization in the lung epithelium and offer clues
regarding how Crb3 acts in this role. Most compelling is the cor-
relation between Crb3 expression and the restriction of Yap from
the nucleus in the developing airways. Our data show that devel-
oping distal epithelial compartments, which exhibit high nuclear
Yap levels, express very low Crb3 levels. Interestingly, however,
despite low Crb3 levels, these distal compartments maintain as-
pects of epithelial polarity, including having organized adherens
junctionsmarked by E-cadherin.We found that, as airways prox-
imalize, Crb3 expression increases, and it does so precisely in
the regions where Yap leaves the nucleus. A similar correlation
was observed in vitro during airway progenitor differentiation in
ALI cultures, where we found that the expression and asym-
metric distribution of Crb3 occurred subsequent to adherens
and tight junction formation but precisely matched the restriction
of Yap from the nucleus. Therefore, Crb3 appears to organize amental Cell 34, 283–296, August 10, 2015 ª2015 Elsevier Inc. 291
Figure 7. Activated Lats1/2 Kinases Associate with Yap at the Apical Membrane in Differentiated Airway Epithelial Cells
(A and B) E18.5 proximal airway sections from wild-type and Crb3-null mice were examined by immunofluorescence microscopy for total Yap and p-YapSer112
(p-Yap) (A) and for p-Lats1/2Thr1079/Thr1041 (p-Lats) (B). The basal surface of the epithelium is outlined with a thick white dotted line, and DAPI-marked nuclei are
outlined with a thin white dotted line. Scale bars, 10 mm.
(C) Cell lysates isolated from undifferentiated day 0 airway progenitor cells and ALI-cultured day 4 and day 10 differentiated cells were examined by immuno-
blotting using the indicated antibodies.
(D and E) Immunofluorescence confocal microscopy was used to examine the levels and localization of activated (D) p-Lats and (E) p-Yap at different stages of
differentiation in ALI-cultured airway progenitors. X-Y images (bottoms) and the Z-plane apical-basal view (tops) for each are shown.
(F andG) Disorganized p-Lats (F) and a reduction in p-Yap levels (G) were observed in p63-positive basal airway progenitors cultured under ALI conditions for 0 or
10 days. The Z-plane apical-basal view for each is shown.
(H) In situ PLA followed by confocal microscopy was performed using the indicated antibodies on airway progenitor cells cultured under ALI conditions for the
indicated days. Red dots indicate endogenous interactions.
(legend continued on next page)
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specific type of polarity within airway epithelial cells that is
required for Hippo pathway-mediated Yap control.
At themolecular level, Crb3 promotes apical domain identity in
part by assembling an evolutionary conserved protein complex
at the apical membrane (Pocha and Knust, 2013). Studies from
Drosophila have indicated that this complex consists of proteins
that directly interact with the Yap homolog Yorkie, such as the
FERM domain protein Expanded, and suggest that Crumbs
scaffolds these proteins to promote Hippo pathway activity
and, possibly, directly sequester Yorkie to restrict its nuclear ac-
tivity (Chen et al., 2010; Ling et al., 2010; Robinson et al., 2010).
Our observations suggest that similar mechanisms exist in the
lung epithelium and implicate this regulatory mechanism as an
essential determinant of cell differentiation. Defining the precise
roles of Crb3 in Yap regulation, however, is complicated by the
general dysregulation of other polarity proteins in Crb3-null air-
ways. Moreover, we found that loss of polarity resulting from
the disruption of E-cadherin-mediated adhesion also increased
nuclear Yap accumulation, indicating that the loss apical polarity
by other means also affects Yap regulation, which is consistent
with prior work in other tissues (Schlegelmilch et al., 2011; Silvis
et al., 2011). Therefore, it is likely that other proteins or environ-
mental factors that affect Crb3 localization and/or the apical
domain will influence Yap localization and alter airway epithelial
function.
Notably, our study of Crb3-null lungs revealed striking cell
fate defects, the most obvious of which was the inability for the
Sox2-positive population to differentiate into mature airway
cells. However, we did not observe defects in the ability for distal
Sox9-positive progenitors to pattern into Sox2-positive cells.
These observations are consistent with cell fate defects resulting
from increased nuclear Yap activity, as aberrant nuclear Yap
participates in the patterning of distal to proximal progenitor
fate but prevents terminal differentiation of proximal progenitors.
Based on these data, we propose that establishment of apical-
basal polarity immediately following the distal-proximal ‘‘transi-
tion zone’’ serves to direct cytoplasmic Yap in developing prox-
imal airways and that this shift in Yap localization is critical for
epithelial progenitor maturation into the luminal lineages of the
airways.
Our observations reveal that differences in epithelial cell polar-
ity also direct the signals required for progenitor identity in basal
cells that arise later in airway development and persist into adult-
hood. In developing upper airways, we observed that p63-posi-
tive cells always lacked polarized Crb3 andScrib localization and
exhibited nuclear Yap. Also, deletion of Crb3 resulted in an aber-
rant expression of the progenitor marker Krt5 in luminal epithelial
cells found in proximal airways. These luminal cells mirrored
those that undergo dedifferentiation from ectopic nuclear Yap
expression (Zhao et al., 2014), with cells losing their identity
and exhibiting both progenitor markers and luminal differentia-
tion markers. Therefore, luminal cell populations in Crb3-null air-(I) In situ PLA followed by confocal microscopy was performed using the indicated
and grown for 6 days in ALI cultures.
(J) Model showing how cell polarity integrates with Hippo pathway signaling to c
For the experiments in (H) and (I), a compressed image of the X-Y stacks is shown
polarization of these spots. DAPI was used tomark the nuclei (blue), and, in all Z-pl
10 mm for all images.
Developways likely represent intermediates between the differentiated
and basal progenitor state. Such immature airway epithelial cells
have been described in other studies (Mori et al., 2015; Rock
et al., 2011), and, therefore, our work offers potential insights
into their origin. Notably, cells co-expressing Krt5 and p63
were only observed in the basal layer of Crb3-null airways, sug-
gesting that, although nuclear Yap can direct p63-regulated
transcriptional events to promote the status of basal progenitor
cells (Zhao et al., 2014), it is likely additional signals, possibly
those from the basal matrix, crosstalk with nuclear Yap to facil-
itate this primitive state.
The mechanisms establishing polarity in airways are unknown
and likely involve a multitude of inputs from various factors. The
Grainyhead-like transcription factors are candidate regulators of
genes encoding polarity proteins in the airways, are implicated in
airway epithelial fate (Gao et al., 2013; Varma et al., 2012), and
are known to induce polarity protein levels in other contexts
(Werth et al., 2010). Indeed, Scrib has been identified as a target
of Grainyhead-like 2 in lung epithelial cells (Gao et al., 2013), and
Scrib fidelity is critical for airway epithelial integrity (Yates et al.,
2013). Establishing the mutually exclusive relationship between
Scrib and Crb3 may therefore be an initial event driving airway
polarity changes. Other attractive mechanisms impacting cell
polarity and Yap activity include local mechanical differences
and signals from the underlying matrix that arise during morpho-
genesis of the tubules. Mechanical cues that affect actin cyto-
skeleton dynamics are known to associate with those controlling
Yap localization (Dupont et al., 2011), and, therefore, these sig-
nals may have key roles in directing Yap and cell fate in the air-
ways. However, further work is required to understand whether
and how these signals are related.
Our analysis of how Crb3 and cell polarity integrate with cell
fate has implications beyond development and likely plays key
roles in epithelial regeneration and disease progression. It is
almost certain that epithelial tissue damage results in aberrant
cell polarity, and consequent altered downstream signals in
damaged epithelium may therefore influence defective cell
fate events often observed in diseases (Kotton and Morrisey,
2014). Given the described roles of Yap activity in tissue over-
growth and cancer (Harvey et al., 2013), and the fact that loss
of epithelial polarity is a hallmark of carcinoma progression
(Hanahan and Weinberg, 2011), it is also likely that loss of polar-
ity-mediated control of Yap is linked to its roles in lung cancer
progression (Lau et al., 2014; Shao et al., 2014). Indeed, our
analysis shows increased proliferation of airway epithelium
lacking Crb3, leading to a stratified morphology resembling
pre-malignant epithelium.
Taken together, our data demonstrate a direct and functional
link between apical-basal polarization and Yap in the lung
epithelium, offering novel molecular insights into the control of
airway epithelial patterning. Because Yap is emerging as an
essential mediator of cell fate in the development ofmany organsantibodies on airway progenitor cells transduced to express shCTL or shCrb3
ontrol cell fate in the proximal airways.
to highlight all the PLA spots, as is the Z-plane apical-basal view to highlight the
ane images, the nuclei are also outlinedwith a thin white dotted line. Scale bars,
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(Varelas, 2014), it is likely that regulation of Yap localization by
cell polarity cues will provide a general molecular mechanism
that links organ morphogenesis and patterning.
EXPERIMENTAL PROCEDURES
Mice
Developmental and adult expression studies in mice were performed using
CD1 or C57BL/6 mice. To conditionally delete the Crb3 gene in vivo, we
created a Crb3-loxP/loxPmouse line at theMouse Biology Program at the Uni-
versity of California, Davis. This was achieved by designing a targeting
construct that introduced loxP sites flanking the entirety of the Crb3 coding
sequence (002,003,004,005,201 in Ensembl). Positive selection markers
accompanied each loxP site (neomycin [Neo] and puromycin [Puro]), ensuring
that no recombination occurred in the floxed region following selection in em-
bryonic stem cells. We designed the construct so that frt sites flanked the Neo
cassette and rox sites flanked the Puro cassette, allowing future selective dele-
tion of these regions. ES cells containing the loxP-flanked Crb3 gene were in-
jected in blastocysts of C57BL/6 mice to generate chimeric mice. Chimeric
mice were bred to germline transmission and then mated to Act-Flp mice to
remove the Neo selection cassette and then Act-Dre to remove the Puro selec-
tion cassette. For deletion of Crb3 in mice, we crossed Crb3-loxP/loxP mice
with Crb3-loxP/+; Shh-Cre/+ mice, enabling the expression of Cre recombi-
nase and subsequent deletion of all exons (exons 2–6) of Crb3 in the
developing endoderm (see Figure S3 for the design and targeting outline).
Genotyping of the Crb3-deleted mice was conducted using the primers and
protocol described in the Supplemental Experimental Procedures. Yap-loxP/
loxP mice were provided by Dr. Fernando Camargo (Harvard University) and
have been described previously (Schlegelmilch et al., 2011). All animal exper-
iments were done in accordance with protocols approved by Boston Univer-
sity School of Medicine (Institutional Animal Care and Use Committee protocol
AN-15304).
ALI and Lentiviruses
Recombinant lentiviruses were generated by transfecting of HEK293T cells
with a lentiviral transfer vector, the packaging plasmid psPAX2, and
pMD2G-VSVG envelope DNA. The pLKO1-puro transfer vector was used to
drive the expression of scrambled control shRNA (shCTL; sense sequence
GGGCAAGACGAGCGGGAAG), shRNA targeting Crb3 (shCrb3; sense
sequence CGGACCCUUUCACAAAUAGCA), or shRNA targeting Lats1 and
Lats2 (shLats1/2; sense sequence ATGGACAAGTCTATGTTTGT). Recombi-
nant viruses were harvested by collecting media from transfected cells and
subsequently concentrated by ultracentrifugation and titered based on the
ability to deliver puromycin resistance to cells. Transduction of isolated airway
progenitors and differentiation of these cells using ALI cultures was achieved
as described previously (You et al., 2002). Briefly, primary airway progenitors
were isolated from the tracheae of adult mice and expanded in vitro on 0.4-mm
Transwell filters. Lentivirus-mediated transduction was achieved by infecting
freshly plated progenitor cultures with 1 3 107–108 units of active viral parti-
cles, culturing the cells for 48 hr, and then selecting transduced cells with
1 mg/ml puromycin. Upon confluence, the progenitors were induced to
differentiate by exposing the apical layer to air. For deletion of Yap in airway
progenitors, cells were isolated from Yap-loxP/loxP mice and transduced
with a lentivirus expressing Cre recombinase from an EF1a promoter (a gift
from Dr. Darrell Kotton, Boston University).
Real-Time PCR
For quantitative real-time PCR, RNA was extracted with the RNeasy kit
(QIAGEN) and reverse-transcribedusing iScript enzymes (Bio-Rad). TaqMan re-
actions were performed using Universal Master Mix II with uracil N-glycosylase
(UNG) (Applied Biosystems). TaqMan primers (Applied Biosystems) were
used for some experiments, including those examining the following genes:
Gapdh (Mm99999915_g1), Krt5 (Mm01305291_g1), Tp63 (Mm00495788_m1),
FoxJ1 (Mm01267279_m1), Scgb1a1 (Mm00442046_m1), and Muc5ac
(Mm01276718_m1). Analysis of other genes was monitored using Fast SYBR
Green Master Mix (Applied Biosystems, catalog no. 4385612) with the primers
listed in the Supplemental Experimental Procedures. All real-time qPCR reac-294 Developmental Cell 34, 283–296, August 10, 2015 ª2015 Elsevietions were carried out in a ViiA7 real-time PCR system (Applied Biosystems)
and analyzed using the delta delta CT method.
Calcium Depletion
ALI cultures were differentiated for 10 days under normal conditions. On day
10, the medium was removed, and the cells were washed three times with
PBS. Fresh medium was added to the bottom chamber, and chelation buffer
was added to the top of the cells (12 mM EGTA in 10 mM HEPES [pH 7.4])
at 37C for 20 min, as described previously (Vladar and Stearns, 2007). After
visual conformation of junction disruption, the medium and chelation buffer
were removed. Cells were then washed five times to remove the remaining
buffer, fresh medium was added to the bottom chamber, and cells were re-
turned to the air-liquid interface condition. Cultures were monitored visually
every hour for 4 hr to ensure viability and junction disruption before lysing or
fixing for analysis.
Immunofluorescence Microscopy and Proximity Ligation Assay
Embryonic and adult lungswere fixed overnight in 4%paraformaldehyde (PFA)
(Electron Microscopy Sciences, catalog no. 15710) and processed for paraffin
embedding. Staining was performed using a standard dewaxing and hydration
protocol, followed by a microwave-assisted antigen retrieval step using a low-
pH buffer (Vector Laboratories, catalog no. H-3300). H&E staining was done
using Mayer’s hematoxylin (Sigma, catalog no. MHS16) and eosin Y alcoholic
(Sigma, catalog no. HT110116) following the manufacturer’s protocol. ALI in-
serts were fixed in 4% PFA and then blocked/permeabilized in 0.2% Triton
X-100/0.1% BSA/PBS. Cells were then incubated with primary and secondary
antibodies in a 0.1% Triton X-100/0.2% BSA/PBS buffer. Primary antibodies
usedand their dilutions are described in theSupplemental Experimental Proce-
dures. Secondary antibodies were conjugated to Alexa Fluor 488, 555, 568, or
647 (Life Technologies). PLA was carried out according to the manufacturer’s
protocol (Sigma, DUO92102). Briefly, ALI inserts were treated with primary an-
tibodies (mouse Yap and rabbit phospho-Lats1/2) using the above immunoflu-
orescencemicroscopy protocol, followed by incubationwith the PLAprobe set
(anti-rabbit plus strand/anti-mouse minus strand) at 37C for 1 hr. Ligation of
probes in close proximity was carried out at 37C for 30 min, followed by a
100-min amplification step. All processed slides were mounted using ProLong
Gold antifade reagent (Life Technologies, catalog no. P36930), and images
were captured using a confocal microscope system (Carl Zeiss, LSM 710).
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